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Dexmedetomidine reduces ventilator-induced
lung injury via ERK1/2 pathway activation
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Abstract. Mechanical ventilation (MV) can contribute to
ventilator-induced lung injury (VILI); dexmedetomidine (Dex)
treatment attenuates MV-related pulmonary inflammation,
but the mechanisms remain unclear. Therefore, the present
study aimed to explore the protective effect and the possible
molecular mechanisms of Dex in a VILI rodent model. Adult
male Sprague-Dawley rats were randomly assigned to one
of seven groups (n=24 rats/group). Rats were euthanized
after 4 h of continuous MV, and pathological changes, lung
wet/dry (W/D) weight ratio, the levels of inflammatory cyto-
kines (IL-1p, TNF-a and IL-6) in the bronchoalveolar lavage
fluid (BALF), and the expression levels of Bcl-2 homologous
antagonist/killer (Bak), Bcl-2, pro-caspase-3, cleaved caspase-3
and the phosphorylation of ERK1/2 in the lung tissues were
measured. Propidium iodide uptake and TUNEL staining
were used to detect epithelial cell death. The Dex pretreat-
ment group exhibited fewer pathological changes, lower W/D
ratios and lower expression levels of inflammatory cytokines
in BALF compared with the VILI group. Dex significantly
attenuated the ratio of Bak/Bcl-2, cleaved caspase-3 expression
levels and epithelial cell death, and increased the expression of
phosphorylated ERK1/2. The protective effects of Dex could
be partially reversed by PD98059, which is a mitogen-acti-
vated protein kinase (upstream of ERK1/2) inhibitor. Overall,
dexmedetomidine was found to reduce the inflammatory
response and epithelial cell death caused by VILI, via the
activation of the ERK1/2 signaling pathway.

Introduction

As an effective mode of treatment for acute respiratory
distress syndrome (ARDS), mechanical ventilation (MV)
is widely performed in patients under general anes-
thesia (1). However, certain MV strategies can result in
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ventilator-associated complications, such as ventilator-induced
lung injury (VILI) (2-4). In addition to mechanical damage,
there is growing evidence that upregulation of inflammatory
molecules, chemokines, leukocyte sequestration and excessive
inflammatory responses has a vital role in the generation and
progression of VILI (5-7). However, the definite mechanism
through which this pro-inflammatory response is initiated and
sustained, and how to relieve it, remain unclear.

Recently, it was reported that dexmedetomidine (Dex)
exhibits analgesic and sedative properties for systemic anesthesia
by intravenous (i.v.) infusion through the activation of a2 adren-
ergic receptors (8). In patients subjected to MV, Dex has been
widely used in intensive care units. Ample evidence has been
reported on the protective effects of MV on organs (9). It has been
demonstrated that Dex could ameliorate VILI-induced pulmo-
nary inflammation in animal models (10,11); Chen et al (12)
observed that dex reduces VILI induced inflammation by inhib-
iting TLR4 and NF-kB signaling through a2-adrenoreceptors.
However, the exact mechanism has yet to be established. It was
hypothesized that the protective signaling pathways in the lung
cells are initiated through Dex for the prevention of cellular
apoptosis or necrosis when subjected to MV.

ERK1/2 is a member of the MAPK family, and serves a
key role in the regulation of cell death and survival (13-15). The
inhibition of ERK1/2 signaling induces the activation of apop-
tosis-associated proteins, such as BH3-interacting domain death
agonist, Bcl-2-like protein 11 and p53 upregulated modulator of
apoptosis. In addition, the MEK1/2-ERK1/2 signaling pathway
may be involved in modulating the inflammatory response to
lung injury and infection (16). However, little attention has been
dedicated to the effects of Dex administration with respect to
ERK1/2 and the expression of caspase-3, Bcl-2 and Bcl-2 homol-
ogous antagonist/killer (Bak) in VILI. Therefore, the present
study aimed to provide evidence that supports Dex as a treatment
against VILI in a rat model of high-tidal volume MV (HVT-MV)
and to investigate the roles of phosphorylated (p)-ERK1/2.

Materials and methods

Animals. A total of 168 adult male Sprague-Dawley rats
(6-8 weeks old, 200-250 g) were purchased from Liaoning
Changsheng Biotechnology and housed one per cage at a
stable temperature of 25+1°C with alternating 12-h light/dark
cycle. Rats were allowed access to food and water ad libitum
until the start of the experiments. All study procedures and
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animal handling were approved by the Animal Review Board
of Cangzhou Central Hospital (Cangzhou, China) and were in
accordance with the National Institutes of Health guidelines.

Group assignment and experimental protocol. After successful
sevoflurane anesthesia (5% for induction; 1.5-2.5% for main-
tenance), an indwelling needle (22G) was placed into the
catheterized caudal (tail) vein. The left femoral artery was
cannulated with a heparinized tube to monitor arterial blood
pressure. The level of sevoflurane was adjusted to maintain stable
hemodynamics. According to computer-based randomization, the
rats were assigned to one of the following seven groups: i) Sham;
ii) VILI; iii) VILI+low dose (L)-Dex; iv) VILI+high dose
(H)-Dex; v) VILI+L-Dex+PD98059 (PD; Calbiochem; Merck
KGaA); vi) VILI+H-Dex+PD; and vii) PD only group. In the
Sham group, rats were anesthetized with sevoflurane and kept on
spontaneous breathing without MV for 4 h,and I'V catheterization
was performed. In the VILI group, the endotracheal intubation
tube was connected to a ventilator (model 683 Ventilator; Harvard
Apparatus) for 4 h. MV with a high tidal volume of 20 ml/kg,
respiratory frequency of 50 bpm, and compressed air was used.
Each rat could achieve a peak airway pressure of ~40 cm H,0,
as measured by an Exactus II pressure gauge (Omron Healthcare
Inc.). VILI+L-Dex group rats received the same MV strategy
as those in the VILI group and received i.v. administration of
a loading dose of Dex (Jiangsu Hengrui Medicine Co., Ltd.)
of 1 pug/kg over 15 min before MV, followed by a mainte-
nance dose of 1 ug/kg/h (iv.)) during MV. Similarly, rats in the
VILI+H-Dex group received the same MV strategy and received
iv. administration of 10 ug/kg for loading dose and 10 ug/kg/h
for maintenance dose (17,18). Rats in the VILI+L-Dex+PD group
and the VILI+H-Dex+PD received subcutaneous injections of
1 mg/kg PD, an ERK1/2 inhibitor (19,20), 30 min prior to MV and
Dex infusion. The dose of 1 mg/kg was based on a preliminary
experiment and a previous study (21). Subsequently, the ventila-
tion strategy of the rats and the infusion of Dex were consistent
with the VILI+L-Dex group and the VILI+H-Dex groups. Finally,
rats in the PD group received 1 mg/kg PD subcutaneously.

At the end of each experiment, the lungs and bronchoal-
veolar lavage fluid (BALF) were collected under anesthesia
with sevoflurane. The left lung lobe was used for determining
the lung wet/dry (W/D) weight ratio after removing the blood
and water from the lung surface.

Histopathological analysis. After fixing in 4% paraformaldehyde
at room temperature overnight, the lung tissues were dehydrated
and embedded in paraffin. The tissue sections (thickness, 4 ym)
were stained with hematoxylin and eosin (H&E). The images
were captured under a light microscope and then assessed by
a pathologist who was blinded to the groups. Each sample was
evaluated according to the following three criteria: i) Alveolar
edema; 0, no edema in the interstitium; 1, slight edema in the
interstitium wit hyaline membrane formation; 2, interstitial edema
is evident; 3, interstitial edema is further aggravated and hyaline
membrane was formed. ii) Diffuse alveolar hemorrhage and
congestion; 0, none; 1, prominent congestion with extravasated
blood; 2, <25% extravasated blood; and 3, >25% extravasated
blood. iii) Intra-alveolar infiltration of inflammatory cells;
0, none; 1, <10% aggregates; 2, 10-30% aggregates; and 3, >30%
aggregates. The indexes of the final score are accumulated.
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ELISA. Interleukin-6 assay kit (cat. no. H007), interleukin-1§
assay kit (cat. no. HO02) and tumor necrosis factor-a (TNF-a)
assay kit (cat. no. HO52) were purchased from Nanjing
Jiancheng Bioengineering Institute and were used to measure
IL-6, IL-1p and TNF-a levels, respectively, in the BALF
according to the manufacturer's protocol.

Lung W/D weight ratio. Pulmonary edema development was
assessed by the ratio of lung W/D weight. Briefly, the lung
tissues were separated from the upper lobes of the left lung.
After washing in saline, the tissues were weighed immediately
and reweighed followed dehydration at 80°C for 24 h.

Immunofluorescence. To quantitatively measure alveolar epithe-
lial cell death, the TUNEL/propidium iodide (PI)/Hoechst 33342
assay was used. After dewaxing with xylene and a serial ethanol
gradient concentration (100% ethanol for 3 min, 95% ethanol
for 2 min, 80% ethanol for 2 min, 75% ethanol for 2 min, H,O
for 1 min) , the tissue sections (4 ym) were incubated with
20 pug/ml proteinase K (cat. no. ST533; Beyotime Institute of
Biotechnology) for 10 min at 37°C. Then, the slices were treated
with TUNEL-mixture (cat. no. C1088; Beyotime Institute of
Biotechnology) in the dark for 1 h at 37°C. After washing with
PBS, 5 ug/ml of Antifade Mounting Medium with Hoechst 33342
and propidium iodide (PI; cat. no. PO137; Beyotime Institute of
Biotechnology) were added for 2 min at room temperature to
stain the cell nuclei and necrotic cell. Four nonoverlapping fields
of view were evaluated in each tissue section. The percentage of
necrosis and apoptosis was indicated by the ratio of PI-positive
nuclei or TUNEL-positive nuclei to the total cell nuclei counter-
staining by Hoechst 33342, respectively.

Western blot analysis. Western blotting was used to assess
the expression in ERK1/2, caspase-3, Bcl-2 and Bak. Total
protein was extracted from lung tissues and lysed in tissue lysis
buffer (cat. no. PO013; Beyotime Institute of Biotechnology),
and the concentration was measured using a bicinchoninic
acid Protein Assay Kit (cat. no. PO012S; Beyotime Institute
of Biotechnology). Samples containing 30 ug of total protein
were separated on a 12% SDS-PAGE and transferred to a poly-
vinylidene fluoride membrane. The membranes were blocked
with QuickBlock™ blocking buffer for western blot (Beyotime
Institute of Biotechnology) at 25°C for 10 min, and then incu-
bated with primary antibodies of rabbit monoclonal anti-ERK1/2
(1:1,000; cat. no. AF1051; Beyotime Institute of Biotechnology),
anti-phospho-ERK1/2 (1:1,000; cat. no. AF1891; Beyotime
Institute of Biotechnology) polyclonal anti-caspase-3 (1:1,000;
cat. no. ab13847; Abcam), anti-Bak (1:500; cat. no. ABO16;
Beyotime Institute of Biotechnology) and anti-Bcl-2 (1:500; cat.
no.K003505P; Beijing Solarbio Science & Technology Co.,Ltd.)
overnight at 4°C. After rinsing with TBS+Tween-20 (0.05%)
buffer (Beyotime Institute of Biotechnology), the membranes
were probed with HRP-conjugated goat anti-rabbit secondary
antibodies (1:2,000; cat. no. A0208; Beyotime Institute of
Biotechnology) for 1 h at 25°C. After incubation with an ECL
plus kit (Beyotime Institute of Biotechnology) for 5 min, the
blot was visualized and semi-quantified using Image Lab 5.1
software (Bio-Rad Laboratories, Inc.). GAPDH (1:1,000; cat.
no. K106389P; Beijing Solarbio Science & Technology Co.,
Ltd.) was used as an internal reference.
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Figure 1. Dex attenuates histopathological injury in rat lungs. (A) Hematoxylin and eosin staining of rat lung tissue (magnification, x200; scale bar, 50 ym).
The arrow indicates congestion and edema (B) The histopathological scores of degree of lung injury. Data are expressed as the mean + SD (n=6). "P<0.05,
“P<0.01 vs. Sham; "P<0.05, #"P<0.01 vs. VILI; ¥P<0.05 VILI+L-Dex+PD vs. VILI+L-Dex; ¥*P<0.01 VILI+H-Dex+PD vs. VILI+H-Dex. Dex, dexmedetomi-
dine; H-Dex, high dose Dex at 10 ug/kg; L-Dex, low dose Dex at 1 ug/kg; PD, PD98059; VILI, ventilator-induced lung injury.

Statistical analysis. All statistical analyses were performed
using SPSS Statistics version 20.0 (IBM Corp). Data are
expressed as the mean + SD. When only two groups were
compared, an unpaired t-test was used. Differences between
more than two groups were assessed by one-way analyses of
variance followed by a Bonferroni's post hoc test. P<0.05 was
considered to indicate a statistically significant difference.

Results

Dex attenuates histopathological damage in rat lungs. Lungs
were stained with H&E to assess histopathology based on
morphology and scoring. The structural changes and pulmonary
edema in the VILI group were more serious compared with
those in the Sham group (Fig. 1). Dex treatment alleviated the
lung morphologic injury, especially in the VILI+H-Dex group
compared with the VILI group. However, after inhibition with
PD98059, the protective effect of Dex on morphology was weak-
ened. PD98059 injection alone did not damage the lung tissue.

Dex was demonstrated to have little effect on hemody-
namics. During the treatment process, the hemodynamics of
rats were found to be relatively stable (Tables SI and SII). This
indicated that hemodynamics have no effect on the pathology
and inflammatory response.

Dex reduces the level of inflammatory cytokines in BALF. The
effects of Dex on inflammatory cytokine levels in BALF were
measured using ELISAs. The results demonstrated that the
production of TNF-a, IL-1f and IL-6 in the VILI group were
significantly increased compared with levels in the Sham group
(P<0.05; Fig. 2). L-Dex (P<0.05) and H-Dex (P<0.01) signifi-
cantly downregulated the expression levels of inflammatory
cytokines compared with the VILI group. PD98059 pretreat-
ment significantly offset the effects of Dex in the VILI+L-Dex
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Figure 2. Dex reduces the expression levels of inflammatory cytokines in
BALF. The expression levels of TNF-a, IL-1f and IL-6 in the BALF of rats.
The data are expressed as the mean + SD (n=6). "P<0.05, “P<0.01 vs. Sham;
#P<0.01 vs. VILI group; “P<0.05 VILI+L-Dex+PD vs. VILI+L-Dex;
$P<0.01 VILI+H-Dex+PD vs. VILI+H-Dex. BALF, bronchoalveolar lavage
fluid; Dex, dexmedetomidine; H-Dex, high dose Dex at 10 ug/kg; L-Dex, low
dose Dex at 1 ug/kg; PD, PD98059; VILI, ventilator-induced lung injury.
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Figure 3. Dex reduces the lung W/D ratio. The values of the W/D weight ratio in different groups are presented as mean + SD (n=6). “P<0.01 vs. Sham;
#P<0.01 vs. VILI; ¥P<0.05 VILI+L-Dex+PD vs. VILI+L-Dex; $*P<0.01 VILI+H-Dex+PD vs VILI+H-Dex. Dex, dexmedetomidine; H-Dex, high dose Dex at
10 pug/kg; L-Dex, low dose Dex at 1 ug/kg; PD, PD98059; VILI, ventilator-induced lung injury; W/D, wet/dry.
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Figure 4. Dex reduces alveolar epithelial cell death. (A) PI-positive cells (red) and TUNEL-positive cells (green) were assessed by immunofluorescence
staining; Hoechst 33342 (blue). Magnification, x400; scale bar, 20 ym. (B) Apoptosis was quantitatively observed with TUNEL staining. (C) The quan-
tification of necrosis using PI staining in each tested group. Data are presented as the mean + SD (n=6). “P<0.01 vs. Sham; P<0.01 vs. VILI; “P<0.05
VILI+L-Dex+PD vs. VILI+L-Dex group; $P<0.01 VILI+H-Dex+PD vs VILI+H-DexDex, dexmedetomidine; H-Dex, high dose Dex at 10 ug/kg; L-Dex, low

dose Dex at 1 ug/kg; PD, PD98059; VILI, ventilator-induced lung injury.

and VILI+H-Dex groups, compared with the VILI+L-Dex+PD
and VILI+H-Dex+PD groups (both P<0.05; Fig. 2).

Dex reduces the lung W/D weight ratio. Pulmonary edema
was evaluated by the W/D weight ratio of the lungs (Fig. 3).
The W/D ratio in the VILI group was found to be significantly
higher compared with that in the Sham group (P<0.05). In the
VILI+L-Dex (P<0.05) and the VILI+H-Dex treatment groups
(P<0.01), Dex significantly reduced the lung W/D ratios
compared with the VILI group. PD98059 pretreatment was
found to reverse the protective effects of Dex (P<0.05).

Dexreducesalveolar epithelial cell death.Immunofluorescence
assays demonstrated that, compared with the Sham group, the

necrosis and apoptosis of alveolar epithelial cells significantly
increased in the VILI treated group (P<0.05; Fig. 4). However,
a significant decrease was revealed in VILI model rats treated
with L-Dex or H-Dex compared with the VILI group (P<0.05
and P<0.01, respectively). Moreover, compared with the rats
treated with VILI+H-Dex and VILI+L-Dex, there was a
significant increase in cell death in the VILI+H-Dex+PD and
VILI+L-Dex+PD groups, respectively (P<0.05 for both; Fig. 4).
Additionally, there was no significant difference in cell death
between the Sham group and the PD group.

Dex may inhibit alveolar epithelial cell apoptosis and
decrease the Bak/Bcl-2 ratio via ERKI1/2 activation. To
further understand the mechanism of Dex on cell death,
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Figure 5. Dex may inhibit alveolar epithelial cell apoptosis and decrease the Bak/Bcl-2 ratio through ERK1/2 activation. (A) Representative western blot-
ting images of pro- and cl-caspase-3, p-ERK1/2, t-ERK1/2, Bak and Bcl-2 in the lung. The semi-quantified protein expression level of (B) cl-caspase-3,
(C) p-ERK/t-ERK and (D) Bak/Bcl-2. Data are presented as the mean + SD (n=6). "P<0.05, “'P<0.01 vs. Sham; “P<0.05, #P<0.01 vs. VILI; ¥P<0.05, *4P<0.01
VILI+L-Dex+PD vs. VILI+L-Dex group; $P<0.01 VILI+H-Dex+PD vs VILI+H-Dex. Cl, cleaved; Dex, dexmedetomidine; H-Dex, high dose Dex at 10 pug/kg;
L-Dex, low dose Dex at 1 ug/kg; p-, phosphorylated; PD, PD98059; t-, total; VILI, ventilator-induced lung injury.

the protein expression levels of Bak, Bcl-2, pro-caspase-3
and cleaved caspase-3 in the lung tissues were detected
by western blotting (Fig. 5). The expression levels of
Bak/Bcl-2 and cleaved caspase-3 significantly increased
in the VILI, VILI+L-Dex, VILI+H-Dex, VILI+L-Dex+PD
and VILI+H-Dex+PD groups compared with the Sham
group (P<0.05; Fig. 5), whereas compared with the VILI
group, L-Dex and H-Dex significantly reduced the expres-
sion levels of apoptotic proteins Bak/Bcl-2 and cleaved
caspase-3. PD98059 co-treatment largely reversed the
Bak/Bcl-2 and cleaved caspase-3 in the VILI+L-Dex+PD
and VILI+H-Dex+PD groups compared with VILI+L-Dex
and VILI+H-Dex. Moreover, there was no difference in
pro-caspase-3 expression in each group.

To investigate whether the antiapoptotic and anti-inflamma-
tory effects of Dex were associated with the ERK1/2 pathway,
PD98059 was administered prior to Dex treatment. Western
blot analysis showed that the ratio of p-ERK/total (t)-ERK
(which included phosphorylated and dephosphorylated ERK)
significantly increased in VILI model rats compared with
those in the Sham group (P<0.05; Fig. 5C). However, further
analysis of the results indicated that the p-ERK/t-ERK ratio
was significantly higher in the VILI+L-Dex and VILI+H-Dex
group compared with the VILI group (P<0.05 and P<0.01,
respectively; Fig. 5C). PD98059 co-treatment largely
reversed the p-ERK/t-ERK ratio in the VILI+L-Dex+PD and
VILI+H-Dex+PD group compared with VILI+L-Dex and
VILI+H-Dex, respectively (both P<0.05; Fig. 5C).

Discussion

MV is a life-saving therapy for ARDS and patients with acute
respiratory failure, such as acute lung injury, and is critical
in general anesthesia (12). However, excessive ventilation can
exacerbate pre-existing lung damage and damage healthy
lungs, this process is known as VILI (22,23). The mechanisms
of VILI involve atelectrauma, barotrauma, biotrauma and
volutrauma (24), although there are numerous factors that
have been considered as possible triggers for VILI. Based on
a previous study (20), a rat VILI model using the HVT-MV
method was successfully established in the present study.
Dex has a high affinity for a2 adrenoceptor and it is
widely used in critically ill patients (at 1-1.5 pg/kg/h) owing
to its sedative effects without respiratory inhibition (25,26).
Numerous studies have also reported the anti-inflammatory
effects of Dex by reducing the expression of inflammatory
factors in certain specific cases (27-29). Considering previous
literature reports and clinical dose analysis (11,12), two doses
of Dex were examined in the present study. The data showed
that high doses of Dex at 10 pg/kg/h significantly decreased
expression of the inflammation-related cytokines IL-1f, IL-6
and TNF-a, W/D ratios and pathological changes in the
VILI model rats. Several reports have demonstrated that Dex
reduces the apoptosis of various parenchymal and epithelial
cells following inflammation or ischemia (30-33). Similarly,
H-Dex was found to significantly reduce alveolar epithelial
cell apoptosis. The present results suggested that Dex may
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reduce lung injury via suppressing inflammatory responses
and cell death. These protective effects may, in part, be due to
02 adrenoceptors.

In the present study, p-ERK1/2 expression was signifi-
cantly increased in the lung tissue exposed to VILI or
VILI+Dex. Moreover, Dex pretreatment appeared to induce
more phosphorylation of ERK1/2. In addition, VILI treatment
was demonstrated to induce a significant increase in cell death,
whereas Dex pretreatment helped to attenuate these effects.
However, when the phosphorylation of ERK1/2 was inhibited
by PD98059, the protective effects of Dex appeared to be
largely weakened. The neuroprotective role of Dex against
cerebral ischemic injury may function via phosphorylation of
ERK1/2 or the MAPK/ERK pathway (34,35). Similarly, the
present study indicated that Dex pretreatment may protect
alveolar epithelial cells against VILI-mediated effects through
ERK1/2 activation.

A previous study has demonstrated that the activation of
ERK1/2 may inhibit the NF-kB signaling pathway, which
results in a reduction in the expression levels of inflammatory
factors (for example, IL-1f, IL-6 and TNF-a) and apoptotic
proteins, such as caspase-3 and Bak, thereby reducing
hypoxia-induced damage (36). The present study results indi-
cated that Dex reduced the expression levels of Bak, Bcl-2 and
cleaved caspase-3, and decreases the secretion of inflamma-
tory cytokines. However, these protective effects also partially
following with the administration of PD98059. It has also been
reported that activation of the ERK1/2 signal pathway may
regulate the expression of aquaporins (37), in the present study,
Dex reduced the ratio of W/D lung tissue weight, possibly
by regulating the expression of aquaporins and activating
ERK1/2. A study that compared the gene expression charac-
teristics of lung injury in rodents and humans have found that
conserved pathways, including MEK1/2-ERK1/2, are potential
targets against the injury pathway (38). The MEK1/2-ERK1/2
pathway has an important role in inflammatory responses. It
can be stimulated by signals downstream of Ras and Raf, and
extracellular stimuli, such as growth factors and cytokines (39).
PD98059 binds inactive enzymes of MEK1 and MEK?2, which
prevents their activation by Raf kinase, thereby inhibiting
ERK1/2 activation (40). U0126 is known to directly inhibit the
catalytic activity of active MEK1 and block MEK1/2 activity;
UO0126 primarily inhibits the phosphorylation of ERK (41).
This study focused on ERK1/2 in the MEK/ERK pathway
and demonstrated that PD98059 had a greater effect compared
with U0126 in preliminary experiments, thus, PD98059 was
chosen as an upstream inhibitor in this study.

In summary, the present study emphasized the protective
effects of Dex against VILI and the role of Dex in the treatment
of VILI. However, this study was still in its preliminary stage
and further in vitro and in vivo studies of molecular mechanisms
and signaling pathways are necessary to confirm these results.
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